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The logical inconsistency of quantum mechanics and general relativity can be avoided if the relativity
principle fails for length scales smaller than the quantum coherence length for the vacuum state.
Ordinarily this corresponds to energies near the Planck energy, but recently it has been pointed
out that near to the event horizon of a black hole the coherence length can be much larger and
Planck scale physics can take over at macroscopic distances from the event horizon. This has
dramatic consequences for the phenomenology of black holes. If we assume that at the Planck scale
elementary particles interact via a universal 4-point interaction and baryon number conservation
is violated, then the rest mass of a star hitting the event horizon of a large black hole would be
rapidly converted into a burst of gamma rays followed by a pulse of hard X-rays whose duration is
on the order of the light transit time across the black hole. Predictions for the gamma ray spectra
are strikingly similar to those observed for cosmic gamma ray bursts.

PACS numbers:

Within the framework of classical general relativity
nothing remarkable is expected to happen to an object
falling through an event horizon other than the curious
circumstance that the observer can no longer communi-
cate with the outside world. Although this prediction has
been widely accepted in the physics community, it is in-
consistent with quantum mechanics because it conflicts
with need for a universal time to define Schrodinger’s
equation. It has recently been pointed out [1} that this
inconsistency can be avoided if it is assumed that as an
event horizon is approached, the redshift does not ac-
tually go to infinity, but instead spacetime undergoes a
continuous quantum phase transition to a de Sitter-like
phase. Although we do not have a fundamental theory
of this effect, many features of phase transitions, partic-
ularly continuous phase transitions, are universal. This

" universality allows us to make predictions for physical
behavior near to the event horizon, and as it happens
this predicted behavior is markedly distinct from that
predicted by classical general relativity (GR).

As developed previously by us [1], in a simple super-
fluid model for spacetime, an event horizon would corre-
spond to a surface where the velocity of sound vanishes.
One could imagine creating such a surface in the labo-
ratory by supposing that the superfluid is in a vertical
column. As a result of the increasing pressure in the
fluid as a function of depth it could happen that at a
certain depth the speed of sound vanishes. What is note-
worthy about this setup is that the behavior of sound
waves near to the critical surface is both well defined
and up to a certain distance from the critical surface and
indistinguishable from the behavior of light outside the
event horizon of a Schwarzschild black hole. However, in

contrast with the behavior of waves or particles as they
cross the event horizon of a classical black hole, the sound
waves in our thought experiment would not pass through
the critical surface in an uneventful way. There are two
effects in particular that will be important for us. First,
the frequency of waves that are linearly dispersing with
wave number under ordinary circumstances will become a
quadratic function of wave number as they approach the
critical surface, and secondly above a certain.frequency
the waves will become unstable as they cross the critical
surface.

On the basis of this simple quantum model and as-
suming universality of behavior at the Planck scale, we
predict that when matter hits the event horizon of a large
astrophysical black hole it will be affected in a dramatic
way. In particular, in the case of a massive black hole like
those thought to inhabit the center of many galaxies, we
expect that most of the rest mass of a star hitting the
black hole event horizon will be converted into a burst of
gamma radiation as illustrated in figure 1.

FIG. 1. Lorentz flattened star approaching event horizon
of large black hole. Critical 4-point interactions give rise to
nucleon decays into 3 decay products which are visible in the
backward direction.

The actual fate of matter hitting the event horizon of
a black hole can be surmised from the evolution of the
sound waves in our thought experiment as they impinge
on the critical surface. It follows from the Schrodinger
equation for a superfluid that the dispersion relation for
small amplitude waves approaching a critical surface in
a superfluid will have the form



g = (i + (5 ()

where v, is the velocity of sound. In the case of a black
hole v, corresponds to c(z/2R,), where Ry, = 2GM/c?
is the Schwarzschild radius. It follows from equatiom
(1)that when relativistic particles with energy hw ap-
proach to a within a distance

2* = Ry/(hw/2Mc?) (2)

from the event horizon they will begin to behave like
non-relativistic particles with mass M. Equation (1) also
implies that at sufficiently high energies there will be
corrections to the usual special relativistic kinematics,
although if M ~ Mpjanck these corrections will be much
smaller than what has been suggested by others [2].

Although relativistic constituent particles cannot de-
cay, once these particles approach to within a distance
z* they can undergo 3-body decays corresponding to the
fact that the lowest order interactions at the quantum
critical point are 4-point interactions. Since the interac-
tions in the critical region take place at very high ener-
gies, one might imagine that the decays shown in Fig 1
are universal for all elementary particles, and can also vi-
olate baryon number conservation. Thus diagrams where
a quark can decay into an et or e~ and two antiquarks
or a gluon could decay into three ¥’s would be allowed.
The universal rate for these decays would be

BT = (w)? /(M) 3)

Because of the w? dependence, the decay rate will be
fastest for those constituent particles with the highest
intrinsic energies; i.e. the quarks and gluons inside nu-
cleons. Comparing the decay time (3) with the time to
cross the critical region of thickness 22* we find that the
decays have time to occur for hw higher than about

M M
=10% /(=2 ——-—) v, 4
Qo \/(M X Mpianck ¢ )

where M is the black hole mass.

If the cutoff frequency Qg is below the characteristic
energies of the quarks and gluons, i.e. ~ 100 MeV, then
the nucleons in a Lorentz flattened star will begin to un-
dergo conversion into et’s, e~’s and v rays when the
leading edge of the star approaches the critical distance
z* from the event horizon surface as shown in figure 1.
We expect that as a result a significant fraction of the
entire rest mass of a star will be converted into v rays
in a time on the order of the light travel time across the
star, i.e. a few seconds, when the star collides with a
massive black hole. This results in backward propagat-
ing fluorescent radiation with a spectrum of the form

dN _ 27F w! w' w!
m—m\/%“ 3ot ©)

where w is the frequency of the incoming constituent par-
ticle, w' is the frequency of the observed radiation, § is
the viewing angle measured from normal to the event
horizon, and F is the fluence of incoming constituent
particles.

Equation (5) predicts that particles radiated back-
wards from the critical region will be strongly down
shifted in energy with respect to the energies of the
infalling constituent particles. In the case of nucleons
falling onto the critical surface, one can treat the nu-
cleons as collections of noninteracting “partons” [3]. The
parton momentum distribution, p(z) as measured in deep
inelastic lepton-hadron scattering experiments can be ap-
proximately fit [4] by py(z) = (1.1 + 4.1z)(1 — )39 for
quarks and py(z) = (2.6 +9.2z)(1 — )% for gluons. Al-
though the quarks decay immediately into e*’s and e™’s,
these will eventually be converted into + rays with com-
parable energies through pair annihilation or synchrotron
emmision if there is a strong magnetic field. Therefore
the ”prompt” 7 ray spectrum emitted at an angle 8 with
respect to the backward direction should be roughly rep-
resented by a convolution of the sum of quark and gluon
parton distributions with the decay spectrum (5) with a
low frequency cutoff (1 — e~@/Qa)%) ;

dN 1 dN , hw
4 = 1D | dode P (mprotonc2) o s {8)

where p(z) = pqg(z) + py(x) and D is the black hole-earth
distance. Even though the spectrum (6) depends on an-
gle, because of refraction of trajectories on the way out
from the event horizon, the observed spectrum should
resemble the § = 0 spectrum for most backward view-
ing angles. In figure 2 we plot the § = 0 spectrum for
Qo = 1MeV, which correspond to M ~ 108My. For
black hole masses greater than ~ 10%M¢, the shape of
the prompt spectra will be insensitive to the value of the
cutoff Qo and hence we predict that for massive black
holes the prompt + ray spectrum will be essentially a
universal curve determined by the QCD parton distribu-
tion function.

FIG. 2. The backwards fluorescence spectrum for nucle-
ons hitting the critical surface a 10° Mg mass black hole.
The solid curve shows a spectrum calculated using an en-
ergy distribution for the constituent particles equal to a fit
to the nucleon parton distribution function as measured in
deep inelastic lepton interaction experiments, while the dot-
ted curve shows an extrapolation of the parton distribution
to Q% = Mpianck- The absolute magnitude was fixed by as-
suming that the source baryon number is that of a 10M¢ star
located at a cosmological redshift AA/A = 1.7. The points
show measurements of the prompt gamma ray spectrum from
GRB 990123.

Although the ”prompt” spectrum shown in Fig 2 was
calculated for a single nucleon, the backwards directed
v ray spectrum resulting from the initial approach of a



star approaching the critical surface should look a like
the spectrum shown in Fig 3 because the reflected radi-
ation will have such a high energy as viewed in the rest
frame of the star that the star will be effectively transpar-
ent. Indeed, reversing the momentum of a particle some
tens of meters from the event horizon where the red shift
would be infinite results in a Lorentz factor 1/v/1 — v2?
as seen by the star on the order of 10% or larger. The
energy loss for such an ultrarelativistic electron, muon,
or gamma, ray would be negligible.

FIG. 3. Constituent particles with energies less than or on
the order of the cutoff Qo can initially pass through the critical
surface and then be scattered or decay on their way out as
they again cross the critical surface, resulting in an extended
pulse whose duration is the light transit time across the black
hole.

Constituent particles with energies less than the cut-
off frequency (4) will pass through the critical surface
(Fig. 3), follow diverging geodesics in the interior of
the black hole, and reemerge through the critical sur-
face. Some of this radiation will be redirected into the
direction of observation as it passes through the critical
surface on the way out. It’s a matter of simple geome-
try that the duration of this extended pulse will be equal
to the light transit time across the black hole. In Fig
4 we show a ”delayed” spectrum obtained by averaging
the decay spectrum (5) over forward angles and cutting
off the parton distribution with a factor e~ (“/Q0)* with
Qo = 1 MeV. Because of the refraction of particle tra-
jectories the ratio of time integrated intensities for the
prompt and extended pulses will depend on viewing an-
gle. However, in our theory, the spectral shapes of these
pulses will be approximately independent of the viewing
angle.

These spectra cannot be directly compared with ob-
servations of cosmic gamma ray bursts because of the
generally unknown cosmological red shifts of the burst
sources. However, in a few cases the redshift can be es-
timated from absorbtion lines in the optical afterglow.
For example for GRB 990123 it is known that the red-
shift AA/A > 1.61 [5]. Assuming AX/A = 1.7 we show
in Fig 2 how measurements of the initial prompt burst
spectrum for GRB 990123 compare with our prompt ~
ray spectra.

FIG. 4. Extended pulse spectrum corresponding to a
10° M mass black hole, obtained by averaging the nucleon
decay spectrum, eq 4, over forward angles.

The approximate agreement between both the absolute
intensity and spectral shape of our backward flourescence
spectrum and the observed prompt spectrum for GRB
990123 is certainly noteworthy. Perhaps even more re-
markably though, the duration and high frequency cutoff

of the delayed burst suggest that GRB 990123 resulted
from a star hitting a ~ 10°Mg black hole. Assuming
a cosmological time dilation factor (1 + AA/A) = 2.7,
we predict the delayed gamma burst should have lasted
about 60 sec and its spectral intensity should be negli-
gible for gamma ray energies above 300 KeV, which is
consistent with the observations.It should also be noted
that the agreement between our prediction for the ex-
tended pulse and the GRB 990123 observations can be
taken as evidence that the spacetime inside a black hole
is just ordinary spacetime with a positive vacuum energy.

To some extent our model resembles the relativistic
fireball model [7] for GRBs which invokes a beamed out-
flow of electrons from an unspecified compact source with
a Lorentz factor > 100. However, in contrast with the
fireball model where the gamma rays are generated at
distances > 10!® cm from the source via synchrotron ra-
diation, the majority of gamma rays in our model are
generated in a region a few light seconds across. The
problem of pair creation opacity in a compact source [§]
is avoided because our decay leptons and gamma rays are
ultrarelativistic with Lorentz factors typically > 1010 at
the critical surface. It should eventually be possible to
distinguish our model from the relativistic fireball model
because our predictions for how the spectrum and in-
tensity of the prompt and extended gamma ray bursts
depend on viewing angle are rather different from what
would be expected if the source of the gamma rays was
a relativistic beam of electrons.

In summary supefluid model for spacetime proposed
in reference 1 predicts that stars hitting the critical sur-
face of a massive black hole will emit v ray pulses with
temporal and spectral characteristics strikingly similar to
those of cosmic gamma ray bursts. In addition, for black
hole masses in the range 10% to 10° solar masses and
cosmological red shifts 1 + AA/A in the range 2 to 5, the
observed cutoff frequencies in our theory should lie in the
range 5 to 500 keV. As it happens the photons from cos-
mic gamma ray bursts typically lie in this range, which
perhaps can be considered the first direct evidence that
relativity fails for length scales smaller than a quantum
coherence length for the ground state of the universe.
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